Improperly attached kinetochores activate the spindle assembly checkpoint (SAC) and by an unknown mechanism catalyze the binding of two checkpoint proteins, Mad2 and BubR1, to Cdc20 forming the mitotic checkpoint complex (MCC). Here, to address the functional role of Cdc20 kinetochore localization in the SAC, we delineate the molecular details of its interaction with kinetochores. We find that BubR1 recruits the bulk of Cdc20 to kinetochores through its internal Cdc20 binding domain (IC20BD). We show that preventing Cdc20 kinetochore localization by removal of the IC20BD has a limited effect on the SAC because the IC20BD is also required for efficient SAC silencing.
ABSTRACT
Improperly attached kinetochores activate the spindle assembly checkpoint (SAC) and by an unknown mechanism catalyze the binding of two checkpoint proteins, Mad2 and BubR1, to Cdc20 forming the mitotic checkpoint complex (MCC). Here, to address the functional role of Cdc20 kinetochore localization in the SAC, we delineate the molecular details of its interaction with kinetochores. We find that BubR1 recruits the bulk of Cdc20 to kinetochores through its internal Cdc20 binding domain (IC20BD). We show that preventing Cdc20 kinetochore localization by removal of the IC20BD has a limited effect on the SAC because the IC20BD is also required for efficient SAC silencing.
Indeed, the IC20BD can disrupt the MCC providing a mechanism for its role in SAC silencing. We thus uncover an unexpected dual function of the second Cdc20 binding site in BubR1 in promoting both efficient SAC signaling and SAC silencing.
INTRODUCTION
Accurate chromosome segregation during mitosis is ensured by the spindle assembly checkpoint (SAC), which is a conserved mechanism requiring the Aurora B, Mad1, Mad2, Mps1, Bub1, BubR1 (Mad3 in yeast) and Bub3 proteins 1, 2 . The proper attachment of microtubules to kinetochores is monitored by the SAC and a single incorrectly attached kinetochore is able to activate the checkpoint 3, 4 . The SAC inhibits chromosome segregation and mitotic exit by blocking the degradation of Securin and Cyclin B1, respectively.
Both of these proteins are targeted for degradation by an E3 ubiquitin ligase, the Anaphase Promoting Complex/Cyclosome (APC/C) in complex with its coactivator Cdc20 5 . APC/C activity is inhibited by the cooperative binding of three checkpoint proteins, Mad2, BubR1 and Bub3, to Cdc20, which results in the formation of the mitotic checkpoint complex (MCC) [6] [7] [8] [9] [10] [11] . Mad2 can bind stably to Cdc20 independently of BubR1 while BubR1 requires Mad2 for its stable association with Cdc20 [12] [13] [14] [15] . Bub3 does not directly bind to Cdc20 but is required for kinetochore recruitment of BubR1 [16] [17] [18] . Mad2 binds to a short conserved sequence in the N-terminus of Cdc20 while BubR1 interacts with the WD40 domain of Cdc20 and additional contacts between Mad2 and BubR1 stabilize the entire MCC 19, 20 . The protein p31 binds to Mad2 and removes it from the MCC leading to sub stoichiometric levels of Mad2 in the MCC 21 . An N-terminal KEN box motif in BubR1 is critical for stable binding to Cdc20 and binds to conserved residues on the top side of the WD40 domain 17, 19, [22] [23] [24] [25] . BubR1 in vertebrates also contains an internal Cdc20 binding domain (referred to here as IC20BD) that binds the Cdc20 WD40 domain in a Mad2 independent manner 6, 26, 27 . IC20BD spans residues 490-560 in human BubR1 and binding to Cdc20 depends on a conserved stretch of six amino acids within this otherwise poorly conserved part of BubR1 26 . The exact function of the IC20BD is not clear but it appears largely dispensable for SAC signaling 14, 17, 28 . Cdc20 inhibitory complexes might be assembled at the kinetochore as the removal of outer kinetochore proteins inactivates the checkpoint 29 . In line with this, a small fraction of all checkpoint proteins as well as Cdc20 accumulate at unattached kinetochores and turns over rapidly here [30] [31] [32] . Indeed, elegant biochemical experiments have shown that kinetochores can stimulate complex formation between Mad2 and Cdc20 13 . Understanding how the kinetochore stimulates the binding of checkpoint proteins to Cdc20 is a key unresolved question but requires a detailed understanding of how Cdc20 interacts with kinetochores, which is currently missing.
Here, we show that the IC20BD of BubR1 is the major kinetochore receptor for Cdc20 and that this domain has dual functions during SAC -both in signaling and silencing. We propose that this dual function could couple BubR1 localization to MCC production or disassembly.
RESULTS

Localization of Cdc20 to kinetochores requires BubR1
To understand the mechanism of Cdc20 kinetochore localization, we first aimed at identifying the kinetochore receptor during prometaphase. A Cdc20 monoclonal antibody stained kinetochores and this staining was absent in To determine which protein(s) Cdc20 interacts with at the kinetochore, we focused on Mad2 and BubR1, as these were obvious candidates. We We used a live cell approach to further investigate the role of Mad2 and BubR1 in Cdc20 kinetochore localization. To this end, we generated a stable HeLa cell line expressing Venus-Cdc20 (for expression levels see Supplementary Figure 1G ), which has previously been shown to complement the Cdc20 RNAi phenotype 12, 33 . This cell line and all other cell lines described here are stable isogenic inducible cell lines made using a HeLa FRT/TRex cell line. When cells expressing Venus-Cdc20 entered mitosis, Cdc20 accumulated on kinetochores and this signal decreased upon alignment of chromosomes ( Figure 1D, Supplementary Movie 1) . In an unperturbed mitosis Cdc20 kinetochore localization depended on BubR1 but not Mad2 ( Figure 1D Our results reveal a role for BubR1 in the recruitment of Cdc20 to kinetochores, similar to that reported in mice and flies 27, 34 . BubR1 appears to be a major receptor for Cdc20 at kinetochores but additional receptor(s) likely exist as ≈35% Cdc20 remains after very efficient BubR1 depletion. In agreement with this, we have found that depletion of KNL1 results in a more efficient removal of Cdc20 from kinetochores, which is not due to more efficient BubR1 removal from kinetochores (Supplementary Figure 1I) . Given that BubR1 played a clear role in recruiting Cdc20 to kinetochores, we here focus our efforts on understanding the interaction between these two proteins at kinetochores.
Cdc20 KEN box binding is needed for kinetochore localization
The interaction between Cdc20 and BubR1 within the MCC strongly depends on binding of the N-terminal KEN box of BubR1 to residues of the WD40 domain of Cdc20 19, 25 . To determine if this interaction was still required for kinetochore localization of Cdc20, we mutated amino acids 377-380 of Cdc20 to alanine (mutant referred to as Cdc20 4A), as the available Cdc20-BubR1 structures predict this should disrupt KEN-box binding of Cdc20 ( Figure   2A ) 19, 25 .
We imaged live cells expressing Venus Cdc20 4A by spinning disk confocal microscopy and observed weaker kinetochore localization of Cdc20 4A compared to wild type Cdc20 ( Figure 2B-C) . In contrast, when we mutated the Mad2 binding site of Cdc20 by introducing the R132A mutation there was an increase in Cdc20 kinetochore levels ( Figure 2B -C). These differences were not due to differences in the overall expression levels of the different Cdc20 proteins ( Figure 2D ). The kinetochore localization pattern of the Cdc20 mutants was also confirmed by staining the stable cell lines for exogenous Cdc20 ( Figure 2E ) and this is in agreement with the results from our RNAi depletion of Mad2 and BubR1 (Figure 1 ).
To ensure that the Cdc20 4A was indeed a functional protein and its inability to locate to kinetochores was not due to misfolding, we further analyzed this mutant. First, we determined the ability of Cdc20 4A to co-immunoprecipitate known interactors from mitotic cells when endogenous Cdc20 was depleted ( Figure 2 F-G) . Cdc20 4A showed a clear reduction in BubR1-Bub3 binding but maintained binding to Mad2 as predicted. In agreement with the fission yeast MCC structure 19 , which revealed that BubR1 and p31 compete for the same binding site on Mad2, more p31 comet was co-purifying with Cdc20 4A.
Indeed Mad2 dissociated much more readily from Cdc20 4A when the SAC was silenced (Supplementary Figure 2A) . As predicted the Cdc20 R132A mutant had reduced Mad2 binding but still maintained some binding to BubR1-Bub3 although at reduced levels.
We next analyzed mitotic progression in stable HeLa cells expressing Venus tagged Cdc20, Cdc20 R132A and Cdc20 4A that were depleted of endogenous Cdc20. The depletion of Cdc20 delayed cells in mitosis and this could be rescued by expressing Venus-Cdc20 ( Figure 2H ). The expression of Cdc20 R132A and Cdc20 4A allowed mitotic progression supporting that the mutant proteins were functional and properly folded and this was further confirmed by in vitro APC/C ubiquitination assays (Supplementary Figure 2B) . Figure 2C ). When we challenged the MEFs with taxol to activate the SAC, a prolonged mitotic arrest was observed when we reintroduced Cdc20 but not Cdc20 R132A and Cdc20 4A confirming that these mutants are checkpoint defective ( Figure 2I ).
The analysis of Cdc20 4A reveals that this is a functional protein able to interact with Mad2 but defective in stable binding to BubR1-Bub3 and therefore unable to support SAC signaling. The failure of Cdc20 4A to efficiently locate to kinetochores further supports the role of BubR1 as a kinetochore receptor for Cdc20.
The IC20BD of BubR1 recruits Cdc20 to kinetochores
Since Cdc20 4A is inefficiently recruited to kinetochores it suggested to us that the N-terminal KEN box of BubR1 recruits Cdc20 to kinetochores. To test 26, 27 . However at endogenous levels, IC20BD-containing BubR1 fragments do not co-purify detectable levels of Cdc20 (data not shown). This could either be due to a weak interaction that is not maintained during our purification conditions or that only a small fraction of BubR1 is interacting with Cdc20 through its IC20BD.
KEN-box binding residues of Cdc20 binds the IC20BD
Initially, we had hypothesized that the defect in kinetochore localization of Cdc20 4A was due to its inability to bind the N-terminal KEN box of BubR1.
However, given our observation that BubR1 KEN/AAA still recruited Cdc20 to kinetochores this result was inconsistent with this model. We reasoned that possibly the same residues of Cdc20 binding to the N-terminal KEN-box of BubR1 are also required for binding to IC20BD even though the IC20BD does not contain a KEN-box motif.
To test this hypothesis, we expressed Cdc20 and Cdc20 4A in HEK293 cells and purified the proteins using a strep-tag. We then compared the ability of the Cdc20 proteins to bind a recombinant FLAG tagged fragment of BubR1
(amino acids 516-715) that encompasses the conserved residues of the IC20BD that we found necessary for Cdc20 kinetochore recruitment. The
BubR1 fragment was first bound to beads using its FLAG tag, next purified Cdc20 and Cdc20 4A were titrated in and following incubation, the beads were washed. Proteins bound to the beads were analyzed by both quantitative western blotting and by coomassie staining ( Figure 3F -G and Supplementary Figure 3F ). From these experiments, it was clear that Cdc20
bound BubR1 516-715 while this binding was strongly reduced in Cdc20 4A
explaining its reduced kinetochore localization.
Cdc20 kinetochore localization facilitates SAC signaling
As the IC20BD of BubR1 was required for kinetochore localization of Cdc20, we anticipated that it could contribute to SAC signaling although previous work has shown that the N-terminal half of BubR1 is largely sufficient for a functional SAC 14, 17, 27 .
To analyze the function of IC20BD, we compared mitotic progression in stable cell lines depleted of endogenous BubR1 and complemented with either Venus-BubR1 or Venus-BubR1 Δ490-560 at close to endogenous levels ( Figure 4A -B, Supplementary Figure 4A ). We only analyzed cells with comparable levels of BubR1 as judged from the intensity of the Venus signal.
In an unperturbed mitosis, we did not observe any effect on mitotic progression when we removed residues 490-560 ( Figure 4A Figure 4C) . Since the effect that we saw could be due either to the impaired binding of Cdc20 to the IC20BD of BubR1 or to Cdc20 impaired localization to the kinetochore, we prevented BubR1 kinetochore localization by mutating the Bub3 binding site in BubR1 (BubR1 E412K/E413K) and BubR1 Δ490-560 (referred to as BubR1 ΔBub3 and BubR1 ΔBub3/Δ490-560) which strongly reduced SAC strength ( Figure 4E ).
In this situation, we exclude the effect of BubR1 kinetochore localization and thereby also of Cdc20, so we can assess the importance of Cdc20 binding alone. The duration of a taxol induced mitotic arrest was the same in BubR1
ΔBub3 and BubR1 ΔBub3/Δ490-560 complemented cells suggesting that it is not the binding of Cdc20 to IC20BD but the kinetochore localization of Cdc20 that contributes to SAC signaling in taxol ( Figure 4E ). Our results therefore suggest that Cdc20 kinetochore localization by the IC20BD contributes to SAC signaling under conditions where Mad2 kinetochore levels are low likely by facilitating Mad2-Cdc20 complex formation. In agreement with this hypothesis, depletion of p31 comet , which stabilizes the Mad2-Cdc20 complex, resulted in similar timing of BubR1 and BubR1 Δ490-560 in taxol treated cells ( Figure 4F ).
The IC20BD is required for SAC silencing
Our analysis of the IC20BD reveals that it makes a small contribution to SAC signaling despite being critical for Cdc20 kinetochore localization. This was puzzling as BubR1 kinetochore localization was critical for an efficient SAC Given that both the BubR1 N-terminus and the IC20BD required the KEN box binding residues of Cdc20 for interaction, a possibility was that the IC20BD could facilitate SAC silencing through competition. To test this, we asked whether recombinant BubR1 516-715 could dissociate BubR1 from the MCC.
Using a GFP affinity resin, we purified Venus-Cdc20 from nocodazolearrested cells, which co-purified Mad2 and BubR1 ( Figure 5D ). As previously discussed for Venus-BubR1, at close to endogenous levels of proteins we cannot detect binding to the IC20BD, arguing that what we purify with VenusCdc20 is a mix of checkpoint complexes (Mad2-Cdc20-BubR1-Bub3, Cdc20-BubR1-Bub3 and Mad2-Cdc20). Next, we added increasing concentrations of recombinant BubR1 516-715 to our affinity purified Venus-Cdc20. to what we observe in human cells with Cdc20 R132A 30, 31 . As the binding between Cdc20 and IC20BD does not require Mad2 binding to Cdc20 6, 26 , our data explains why Mad2 is not needed for bulk Cdc20 recruitment. Elegant FRAP studies of Cdc20 in PtK 2 cells revealed two equal sized populations of Cdc20 at kinetochores, one with a fast turnover and one with a slower turnover 30 . The Cdc20 population with a slower turnover was dependent on the N-terminus of Cdc20 and an active SAC. The same study also detected two populations of BubR1 with similar slow and fast turnover as Cdc20. These data together with the data presented here suggests that Cdc20 is binding the IC20BD of both a slow and a fast pool of BubR1 at kinetochores and that the slow BubR1 pool depends on an active SAC ( Figure 6 ). In flies there appears to be only a fast pool of Cdc20 which might reflect a difference in how BubR1 interacts with kinetochores 34, 37 .
Collectively our data does not support that Cdc20 exists in MCC-like complexes at kinetochores as both preventing Mad2 binding or mutating the N-terminal KEN box of BubR1 did not affect Cdc20 localization. This suggests that the full assembly of the MCC occurs in the cytoplasm either through maturation of a partly assembled MCC or binding of soluble BubR1 to Mad2-Cdc20 ( Figure 6 ).
Although we find that BubR1 recruits the bulk of Cdc20 to kinetochores our work also suggests that at least one other binding partner must exist at kinetochores as even after efficient BubR1 depletion ≈35% Cdc20 remains. The exact function of the IC20BD of BubR1 has not been clear and several studies have shown that it is not required for a functional SAC 14, 17 . In the study from the Cleveland lab it was however noted that cells complemented with full length BubR1 maintained a nocodazole induced arrest for longer time than cells complemented with BubR1 1-477 potentially revealing a role of the C-terminal half of BubR1 in prolonged arrest 14 . Although the IC20BD can inhibit Cdc20 activity in vitro 6 , our work and that of others indicate that in vivo the interaction of Cdc20 with this region of BubR1 is either of low affinity or restricted to binding a small proportion of Cdc20.
Our comparison of BubR1 and BubR1 deleted of its IC20BD only revealed a small contribution of this domain to SAC signaling specifically in taxol-arrested cells. We favor that the function of the IC20BD is to weakly bind and hereby concentrate Cdc20 at kinetochores bringing it in proximity of the Mad1-Mad2 complex to facilitate Mad2-Cdc20 complex formation. The reason we favor this is that we only see a SAC defect when Mad2 signaling from kinetochores is low and this defect is suppressed by p31 comet removal. Furthermore the defect must relate to Cdc20 kinetochore localization as preventing BubR1 kinetochore localization abolishes the effect of removing the IC20BD.
However we cannot exclude that the IC20BD plays a more active role in the SAC.
We also find a requirement of the IC20BD in SAC silencing and the true effect on the SAC upon removal of the IC20BD is likely masked by this function. We roughly estimate the median times to be 50 min for BubR1 and 30 min for BubR1 Δ490-560 in an unperturbed mitosis without the effect of the IC20BD on SAC silencing. This is as severe an effect on the SAC as mutating 
METHODS
Cloning and stable cell lines
All constructs were cloned into pcDNA5/FRT/TO FLAG Venus (N-terminal tagging). Cdc20 and BubR1 and fragments thereof were amplified by PCR and inserted into the BamHI and NotI sites of the vector using the primers specified in Supplementary table I. Mutations into these constructs were done using whole plasmid PCR or 2-step PCR. All constructs were verified by sequencing.
The generation of stable HeLa cell lines was done using the Flp-In system (Invitrogen) and the resulting clones were kept under selection by supplementing the growth media with 200 μg/ml Hygromycin B and 5 μg/ml Blasticidin S.
Antibodies
The following antibodies were used for western blot, immunofluorescence or Mad2 A300-301A (rabbit, Bethyl) 1:1000 WB, p31 rabbit antibody was generated using full-length p31 as antigen and affinity purified.
RNAi depletion of proteins
RNAi depletion of proteins was performed for 48 hours, except for p31 that was performed twice at 72 and 48 hours before analysis. DMEM media was replaced with OPTIMEM media right before adding a mix containing 100 nM RNAi oligo (Sigma) and 4 ul/ml RNAimax (Invitrogen) diluted in OPTIMEM.
The media was changed after 5 hours and replaced with DMEM 
Live cell imaging
Live cell analysis was performed on a Deltavision Elite system using a 40x or 
In vitro ubiquitination assays with APC/C.
APC/C-Cdc20 complexes were purified from mitotic cells using an APC4
antibody. Cells where either control treated or depleted of Cdc20 by RNAi and the expression of the different Venus-Cdc20 proteins induced by doxycycline.
In vitro ubiquitination assays with in vitro translated Cyclin B1 1-86 was carried out as previously described 41 .
Binding experiments in HEK293 cells.
For experiments presented in Figure S3A -B HEK293T cell were transfected with Venus-BubR1 proteins and depleted of endogenous BubR1 using Lipofectamine 2000 (Invitrogen), 500 ng/ml plasmid and 100 nM RNAi oligo.
Cells were subsequently synchronized with 2.5 mM thymidine for 24 hours and treated with 200 ng/ml nocodazole after the thymidine release. 10 μM MG132 was added after 6 hours from the thymidine release for 3 hours. Cells were then harvested and washed with ice-cold PBS.
Peptide binding experiments.
Two peptides were used for this assay: Biotin-YSVPFSIFDEFLLSEKKNKS At the kinetochore the IC20BD recruits Cdc20 to facilitate its interaction with Mad2 and potentially the formation of a partly assembled MCC. In the cytoplasm the IC20BD contributes to SAC silencing likely by competing for binding to Cdc20 with the N-terminal Mad3 homology region of BubR1. These two opposing activities of the IC20BD could make the SAC more dynamic and also couples MCC production or disassembly to BubR1 localization. 
